Inflammatory bowel disease (IBD) is a multifactorial disease. A breach in the mucosal barrier, otherwise known as ''leaky gut,'' is alleged to promote mucosal inflammation by intensifying immune activation. However, interaction between the luminal antigen and mucosal immune system is necessary to maintain mucosal homeostasis. Furthermore, manipulations leading to deregulated gut permeability have resulted in susceptibility in mice to colitis as well as to creating adaptive immunity. These findings implicate a complex but dynamic association between mucosal permeability and immune homeostasis; however, they also emphasize that compromised gut permeability alone may not be sufficient to induce colitis. Emerging evidence further supports the role(s) of proteins associated with the mucosal barrier in epithelial injury and repair: manipulations of associated proteins also modified epithelial differentiation, proliferation, and apoptosis. Taken together, the role of gut permeability and proteins associated in regulating mucosal inflammatory diseases appears to be more complex than previously thought. Herein, we review outcomes from recent mouse models where gut permeability was altered by direct and indirect effects of manipulating mucosal barrier-associated proteins, to highlight the significance of mucosal permeability and the non-barrier-related roles of these proteins in regulating chronic mucosal inflammatory conditions.
INTRODUCTION
The gastrointestinal epithelium forms the body's largest interface with the external environment. It effectively provides a barrier that selectively limits permeation of luminal toxins and antigens through the mucosa, yet allows absorption of nutrients and water. [1] [2] [3] To create this selective barrier, epithelial cells use both the transcellular and paracellular transport mechanisms. [3] [4] [5] However, it is the paracellular pathway, regulated by the tight junction (TJ), that is responsible for the greatest degree of apical cell-cell adhesion, 6, 7 and which has received the most attention for its role in regulating mucosal permeability under normal and pathological conditions. [8] [9] [10] The perception that a breach in the mucosal barrier incites mucosal inflammation is supported by the physical location of the intestinal epithelium, interposed as it is between the luminal contents and the mucosal surface ( Figure 1) . The groundbreaking finding that mice expressing dominant-negative N-cadherin, an adherent junction protein, develop spontaneous (not induced using chemicals or infections known to induce colitis in mice) inflammation in the gut epithelium further supports the key role of cell-to-cell adhesion, especially in its capacity to contribute to overall mucosal barrier function in regulating mucosal immune homeostasis. 11 However, the discovery by Tsukita et al. 12 in 1998 suggests that TJs, chiefly responsible for regulating paracellular permeability, are formed primarily by the newly identified claudin family of proteins. Claudin proteins are small (20-27 kDa) transmembrane proteins expressed in tissue-and cell-specific manner, 12, 13 with a total of 27 claudin family members having been identified to date. 13 Studies investigating the status of claudins and other TJ-associated proteins in human biopsy specimen from chronic inflammatory conditions (Inflammatory Bowel Disease (IBD)) 14 have demonstrated differential changes in their total cellular content and/or distribution (see Table 1 ). These findings have led to the postulation that deregulated claudin expression helps to promote mucosal inflammation. However, outcome from investigations using mice genetically manipulated for proteins integral or associated with the TJ have not been consistent and have resulted in diverse effects including immune adaptation and tolerance (summarized in Table 2) . 15, 16 The compensatory immune mechanisms then act to protect against the development of colitis, even when there is increased gut permeability. 15, 16 Further, the non-tight-junctional roles of TJ-integral andassociated proteins in regulating epithelial injury and repair have been identified. 15, 17, 18 It is therefore important that we appreciate the comprehensive perspective of the role that TJ proteins may have in regulating immune homeostasis and epithelial injury, as well as their role in the repair of mucosal inflammation and associated diseases. In this review, we have discussed the historical viewpoint, and used current mouse models of colitis to highlight the complex but dynamic nature of the disease mechanism.
THE TJ AND GUT PERMEABILITY
The TJ (also referred to as zonula occludens) is the most apical cell-to-cell adhesion between neighboring epithelial and endothelial cells. 1, 12 As the name implies, TJ acts as a physical barrier whose function is to prevent free passage of ions and small solutes through the space between two interacting cells. Fibroblasts Figure 1 The intestinal epithelium constitutes a physical and biochemical barrier to separate effectively the luminal antigens and mucosal immune system. (a) A pathological breach in the mucosal barrier induces hyperactivation of the mucosal immune system and chronic inflammation. (b) However, a leaky gut due to opening of the tight junctions alone may not be sufficient to induce mucosal inflammation, but rather can induce adaptive immune response due to the heightened immune system. The ultimate outcome may depend on potential non-junctional effect/s of the barrier-associated protein/ s modified under inflammatory conditions. Nevertheless, it is not an impervious barrier, but rather selectively regulates what passes through the paracellular space. For this reason, TJs are considered to have a pivotal role in the regulation of intestinal permeability and diffusion of ions and molecules across the epithelial luminal surface. [19] [20] [21] The TJ also serves as an intracellular hub where myriad of proteins reside alone or in a complex; these proteins have been demonstrated to be involved in adaptor, signaling, and cell polarity functions. 22, 23 However, the core structure and function of the TJ depends on B50 discrete membrane-integral and -associated proteins located between the apical and lateral regions of the polarized epithelial cells. 24, 25 These TJ proteins include 1 integral and transmembrane proteins, including the claudins, occludin, and junctional adhesion molecules (JAM), which extend into the intercellular spaces to regulate the gate function, and 2 cytoskeletal linker proteins, such as cingulin, ZO-1, ZO-2, and ZO-3, which anchor TJ-integral membrane proteins to cell cytoskeleton. 12, 26, 27 Owing to its physical location and associated barrier properties, several lines of evidence support a direct link between TJ-constituent protein impairment and intestinal inflammation; however, a cause and effect relationship remains largely undefined, largely due to the complexity of mucosal barrier structure and function.
THE HISTORICAL PERSPECTIVE
Initial clinical findings that the intestinal epithelium of IBD patients is more permeable to tracer molecules known to permeate through the paracellular space [28] [29] [30] [31] led to the hypothesis that an uncontrolled mucosal barrier may help promote IBD pathogenesis. Subsequent observations confirmed that there were ultrastructural changes in the junctional complexes between intestinal epithelial cells in IBD patient biopsy specimens and in related animal models of colitis. 32, 33 This hypothesis is supported by observations that the firstdegree relatives of Crohn's disease (CD) patients are at increased risk of developing IBD and some of these relatives also demonstrate mucosal leakiness. [34] [35] [36] Further complementing this hypothesis are the observations that hepatic and intestinal permeability markedly increases for transcellular (and paracellular) tracers such as horseradish peroxidase and lanthanum in animals subjected to experimental colitis. 37 These observations neither confirmed nor denied a role for the mucosal barrier deregulation in initiating or promoting IBD, but simply supported a corroboration between mucosal leakiness and mucosal inflammatory conditions. Moreover, studies using animal models where gut permeability is altered because of the direct or indirect genetic or pharmacological manipulations have demonstrated diverse effects on mucosal immune homeostasis and inflammation, including immune adaptation and resistance to colitis. To grasp the clinical significance of this complex association, it is therefore necessary to review studies directly aimed at understanding it.
Mice expressing dominant-negative N-cadherin develop phenotype similar to IBD This study possibly provided the first experimental in vivo evidence that manipulating mucosal epithelial cell-to-cell adhesion can modulate mucosal barrier properties and that it promotes inflammation. This study was based on the hypothesis that cadherins mediate cell-to-cell adhesion and that they are essential for normal epithelial cell function and development. Therefore, interference with their function may lead to inflammatory conditions. In this study, embryonic stem cells were transfected with a dominant-negative N-cadherin mutant (NCAD delta) under the control of the Villin promoter, which is active primarily in intestinal epithelial cells, and then were introduced into C57BL/6 mouse blastocysts. Analysis of adult chimeric mice revealed robust expression of NCAD delta along the entire crypt-villus axis, with the presence of spontaneous mucosal inflammation. However, these pathological manifestations were not exclusive of the modulations of epithelial homeostasis: NCAD delta expression perturbed proliferation, migration, and death programs in crypts, also leading to adenoma production. 11 A similar phenotype was later described after manipulation of p120 catenin, a cytoplasmic binding partner that directly regulates cadherin stability. 38 The p120 conditional knockout (KO) mice die young (within 21 days of their birth) and demonstrate progressive mucosal erosion and terminal bleeding, similar to what is observed in the dominant-negative cadherin mouse model of colitis and associated cancer, as described above. However, the observed phenotype in these mice was again not a simple ramification of mucosal barrier deregulation, but was the result of a conglomerate of defects in epithelial homeostasis, including epithelial cell apoptosis and barrier function irregularities. 39 The outcome of these studies reinforces the notion that the intestinal epithelium is essential for separating luminal antigens from mucosal immune components, and that its disruption by altered proliferation/apoptosis ratio can result in immune activation and inflammation ( Figure 1 ). It is however unfortunate that strict determinations of the effects of these genetic changes on TJ-structure and mucosal barrier function were not carried out in these studies.
Occludin KO mice develop chronic inflammation and hyperplasia despite normal mucosal barrier properties
The occludin KO mice represented the first in vivo experimental strategy to directly manipulate a TJ protein. 40 Of note, gross deregulation of the cellular distribution of occludin, both intracellular and junction-bound occludin, was a predominant finding in a CD-3-induced mouse model of diarrhea. 41 Here expression and/or cellular distribution of all claudin proteins, including claudin-2 and JAM-A, remained largely unaltered. 41 Also of note, occludin-null mice were born in expected Mendelian ratios with no gross phenotype, although they did show significant postnatal growth retardation. 40 Moreover, occludin-null males appeared infertile and did not produce litters when crossed with the wild-type (WT) females. On the other hand, the occludin-null females produced litters normally when mated with WT males but they did not suckle them. Irrespective, the TJ did not appear to be affected morphologically in these mice (of either sex) and the barrier function of the intestinal epithelium (small and large intestine), based on electrophysiological measurements, also appeared normal. However, several histological abnormalities were found in these mice, abnormalities that spanned several tissues and included chronic inflammation and hyperplasia of the gastric epithelium, calcification in the brain, testicular atrophy, loss of cytoplasmic granules in the striated duct cells of the salivary gland, and thinning of compact bone. 40 In subsequent studies, Edelbium and co-workers, 42 used occludin-null mice to further demonstrate defective accumulation and migration of intraepithelial gd lymphocytes within their intraepithelial compartment (vs. WT littermate mice). These observations stressed the complexity of the role that specific TJ-constituent proteins may have in regulating epithelial and immune homeostasis.
Epithelial MLCK-dependent barrier dysfunction mediates T-cell activation-induced diarrhea in vivo
Cytoskeletal contraction due to myosin II (regulatory)-light chain (MLC) phosphorylation is necessary for barrier disruption and in vitro inhibition of myosin light chain kinase (MLCK) restores barrier function following cytokine treatment. 43 In a mouse model of T-cell-induced acute diarrhea, epithelial barrier dysfunction was associated with an abrupt increase in phospho (P)-MLC expression. However, observed barrier defects and associated diarrhea even in these mice did not result in changes in claudin-1, -2, -3, and -4 expression and cellular distributions, but rather correlated with the rearrangement of cellular distribution of occludin, and to some extent with JAM proteins. 41 Further studies also demonstrated that MLCK activation triggers caveolin-1-dependent endocytosis of occludin to effect structural and functional TJ regulation. 44 In subsequent studies, transgenic mice expressing constitutively active MLCK (CA-MLCK), specifically within the intestinal epithelial cells, demonstrated significant gut permeability in the jejunum (using bovine serum albumin) and the colon (using creatinine and sucralose); however, it did not develop spontaneous inflammation. 10 Claudin-1, occludin, ZO-1, and JAM surface expression remained unaltered in these transgenic mice (vs. WT mice). Nonetheless, these mice harbored activated mucosal immune components as demonstrated by increased numbers of lamina propria CD4( þ )lymphocytes, redistribution of CD11c( þ ) cells, increased production of the proinflammatory cytokines interferon-g and tumor necrosis factor-a (TNF-a), and expression of epithelial major histocompatibility complex class-I. 10 Also, when challenged with CD4 þ CD45 þ Rb(hi) lymphocytes, these mice experienced diarrhea and demonstrated increased susceptibility to colitis. 10 These detailed studies further highlight the complexity of the mucosal barrier properties and reveal that alterations in cytoskeletal proteins and TJ-integral and -associated proteins can affect mucosal permeability as well as epithelial cell homeostasis.
A transient breach in the epithelial barrier leads to the resistance to colitis This study was the first direct attempt to understand how physiologic breaks in the mucosal barrier, which must occur for homeostatic regulatory T cells to develop (Figure 1) , may differ from the pathological mucosal barrier defects widely implicated in promoting inflammation of the underlying lamina propria. Here two different pharmacological agents known to induce gut permeability (ethanol and AT1002, a Vibrio cholerae zonula occludens toxin hexapeptide) were used to induce transient increase in gut permeability in mice before their exposure to experimental colitis. It was unexpected that the mice subjected to the transient increase in gut permeability were resistant to colitis induced by the administration of trinitrobenzene sulfonic acid. Further analysis suggested the role of transforming growth factor-b-dependent, preferential induction of T-regulatory cells in this immune adaptation. Of note, development of these cells required the presence of an intact microbiota and the activity of CD11c( þ ) dendritic cells, along with innate immune factors operating through Tolllike receptor-2. 45 Thus, this study for the first time provided definitive evidence that the effect of an increase in gut permeability can be dependent on context. The outcome suggested that a ''transient and limited increase in gut permeability'' compared with the ''unregulated breach of the gut barrier function due to the TJ deregulation and epithelial cell apoptosis'' can rather lead to a dominant regulatory immune response to gut microbiota antigens and to a net anti-inflammatory effect.
Compromised intestinal epithelial barrier due to intestinal epithelial-specific loss of JAM-A induces adaptive immune compensation that protects from colitis
The findings in mice manipulated for MLCK or occludin expression differed from those obtained in mice lacking the JAM-A (encoded by F11r). 16 However, the phenotype presented by JAM-A-null mice mirrored the phenotype presented by mice subjected to the transient breach in the barrier function before their exposure to acute colitis, to a great extent. 18 In brief, JAM-A-null mice exhibited enhanced intestinal epithelial permeability, bacterial translocation and elevated colonic lymphocytes, but did not develop spontaneous colitis. 16 To examine whether adaptive immune compensation in response to the increased gut permeability in these mice may have affected the overall phenotype, investigators examined the susceptibility of F11r( À / À )Rag1( À / À ) mice to acute colitis. Although contribution of the adaptive immunity in F11r( þ / þ )Rag1( À / À ) mice was observed at negligible levels, F11r( À / À )Rag1( À / À ) mice exhibited increased microbiota-dependent colitis. Further investigations using elimination of the T-cell subsets and cytokine analyses revealed a protective role for the transforming growth factor-b-producing CD4( þ ) T cells in F11r( À / À ) mice. Moreover, loss of JAM-A resulted in elevated mucosal and serum immunoglobulin A that was dependent on CD4( þ ) T cells and tumor growth factor-b. The absence of immunoglobulin A in F11r( þ / þ )Igha( À / À ) mice did not affect disease, whereas F11r( À / À )Igha( À / À ) mice displayed markedly increased susceptibility to acute, injury-induced colitis. 16 Notably, JAM-A also helps regulate intestinal epithelial cell ability to multiply and migrate, which may be of critical consideration in explaining the overall phenotype in these mice. 46 The data from these mice, similar to those subjected to a transient increase in gut permeability, suggest that under conditions of compromised gut permeability, there are adaptive immune components activated in response to the hyperactivated immune system, and that these immune compensatory mechanisms may help provide resistance to colitis.
Targeted and constitutive colonic claudin-2 expression renders resistance to epithelial injury, induces immune suppression, and protects from colitis
The claudin family of transmembrane proteins are integral to TJ structure and function. 12, 26, 47 Among the claudin family, claudin-2 is unique because it is expressed predominantly in epithelia known to be relatively less tight. 48 Studies using biopsy samples from IBD patients have demonstrated that the expression of claudin-2 is highly upregulated during IBD. Because of the known association of claudin-2 with epithelial leakiness/permeability, increased claudin-2 expression has been suggested to promote mucosal inflammation. 48, 49 However, claudin-2 also serves other diverse functions including paracellular passage of cations (including sodium and calcium), cell proliferation and autophagy, and loss of claudin-2 along with claudin-15, yet another TJ protein implicated in paracellular Na þ passage, results in premature death because of malnourishment in mice. 48, [50] [51] [52] However, the precise role of claudin-2 in regulating colonic homeostasis remains unclear. It was interesting to find that Villin-claudin-2 transgenic (CL-2TG) mice, generated in our laboratory, not only possessed a leakier but also a longer gut (vs. littermate control mice). Despite the leaky colon, as determined by electrophysiological measurements and presence of rectally administered FITC-dextran into blood circulation, Cl-2TG mice demonstrated resistance against acute or chronic colitis induced by administering the DSS in drinking water. 15 Claudin-2 expression increased colonocyte proliferation and provided protection against colitis-induced colonocyte death in a phosphatidylinositol-4,5-bisphosphate 3 kinase/Bcl-2-dependent manner. Moreover, Cl-2TG mice demonstrated marked suppression of the colitis-induced immune activation and associated signaling, suggesting development of immune adaptation. Similarly, colon from the naive Cl-2TG mice harbored significantly increased number of regulatory T cells (CD4( þ )Foxp3( þ ) cells) than WT littermates. Also, macrophages isolated from Cl-2TG mouse colon exhibited immune anergy (failed to respond to the activation using proinflammatory cytokines) (Figure 2) . These important immunosuppressive changes were associated with increased synthesis of the immunoregulatory cytokine transforming growth factorb by colonic epithelial cells in Cl-2TG mice compared with WT littermates (Figure 2) . 15 The inverse findings by Nishida et al.,
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using claudin-2-null mice, suggest that the loss of claudin-2 in colonic epithelium enhances susceptibility to the DSS-colitis complemented these findings. 53 They not only revealed a critical, albeit complex, role of claudin-2 in intestinal homeostasis, regulating epithelial permeability, inflammation, and proliferation but also suggested a potential adaptive function for the increased claudin-2 expression in IBD patients. Obviously, further study is needed to accept or refute this proposition, and investigations are currently underway in our laboratory.
Inflammation and disruption of the mucosal architecture in claudin-7-deficient mice
The claudin family members are developmentally regulated and expressed in a tissue-specific manner. [54] [55] [56] Interestingly, one of the claudin family proteins, claudin-7, when expressed in intestinal epithelium demonstrates a prominent basolateral membrane distribution compared with other claudins that localize primarily to the apical TJs in the intestinal epithelium. 57 Also of note, integrins have an important role in regulating the mucosal epithelial and immune homeostasis. [58] [59] [60] [61] Moreover, ours studies and those of other laboratories suggest potential interdependence among b1-integrin and claudin protein expression, which further suggests shared roles in regulating mammalian homeostasis. [62] [63] [64] Recent studies using the wholebody or mucosal epithelial-specific deletion of claudin-7 support such a postulation. Moreover, these mice demonstrate a complex gastrointestinal phenotype involving mucosal inflammation, also associated with remarkable dysregulation of the mucosal epithelial homeostasis. 63 It is important to note here that the TJ structure in claudin-7-null mice remained largely unaltered. Permeability assays suggested specific alteration in the paracellular passes for only small organic solutes. 63 Overall, the authors suggested that potential non-TJal functions of claudin-7, including maintenance of epithelial cell-matrix interactions and intestinal homeostasis, may be responsible for the phenotype observed in claudin-7-null mice.
Claudin-1 regulates intestinal epithelial homeostasis through the modulation of Notch signaling
In a series of studies in our and collaborating laboratories (although predominantly using colorectal cancer-originated tissue and cell lines), we have observed an intriguing inverse correlation between claudin-7 and claudin-1 expressions. 65, 66 This inverse correlation between these two proteins is interesting in that it exists even in the normal gut epithelium. 17, 66 Mice deleted of claudin-1 protein expression die premature owing to dehydration, suggesting a key function for this protein in regulating dermal barrier function. 67 It is, however, intriguing to observe that in gut pathologies, especially related to the colon and including chronic inflammatory conditions, claudin-1 protein expression is markedly upregulated (and mislocalized). 49 Furthermore, the constitutive expression of claudin-1 in gut epithelium in mice resulted in decreased claudin-7 expression and enhanced susceptibility to acute colitis. Most notably, acute colitis induced by the administration of DSS in these mice failed to resolve even when DSS was removed from the drinking water, and this was found in contrast to the complete recovery seen in WT littermate mice. 68 Detailed analysis suggests a multipronged effect of the changes in intestinal claudin-1 expression, including mucosal barrier properties (mucin-2 expression) and epithelial homeostasis. These changes are especially important to note given the direct and indirect effects of alterations in claudin-1 transgenic mice of normal colonocyte differentiation program, and mucin-2 expression in a matrix metalloproteinase-9/Notchdependent manner (Figure 2) . 17 These findings again highlighted the key function of specific TJ, integral or associated, proteins in regulating barrier function and epithelial homeostasis, which together could help explain altered expression of these proteins in IBD patients.
WHAT HAVE WE LEARNED FROM MOUSE MODELS?
While results from mouse models have failed to provide a definitive answer to settle the contributory role of TJ integral (and associated) proteins in regulating mucosal barrier dysfunction and inflammation, they have definitively clarified the critical role of these proteins in the maintenance of gut epithelial homeostasis. Dysfunction of intestinal epithelial cell polarity and function can trigger potent inflammatory responses within the gut, and related to this, mice deficient in Ap1m2, a master regulator of intestinal epithelial cell polarization, demonstrate chronic colitis. 69 Furthermore, the overexpression of claudin-1 in the intestinal epithelium caused hyperactivation of Notch signaling and suppressed goblet cell differentiation and mucin-2 synthesis. 17 These deregulations became more evident when claudin-1 TG mice were subjected to DSS-colitis and subsequent recovery resulted in persistent mucosal inflammation. 17 These unique findings also highlighted a previously perceived, however poorly understood, interdependence between mucosal epithelium and overlying mucus layers, which collectively maintain the integrity of the mucosal barrier against luminal antigens (Figure 2) . For this reason, the phenotype between claudin-1 TG mice and mucin-2 KO mice are similar, and they demonstrate robust colon tumor growth in the presence of APC mutation. 68, 70 The mucin protein family itself is highly diverse and contains membraneanchored or -secreted proteins with diverse functions, including regulation of the barrier function and epithelial cell homeostasis. 70 Future investigations aimed at understanding the interdependence of mucins and claudin proteins may also provide an improved understanding of their shared roles in mucosal pathobiology. Contrary to claudin-1, which in normal colonic epithelial cells is expressed to a minimum (even though it is highly increased in colon cancer tissue and cells 65 ), the claudin-7 protein is highly expressed in the colonic epithelium. The findings that loss of claudin-7 expression induces sloughing of intestinal epithelial cells (claudin-7 KO mice), possibly by disrupting the complex between claudin-1, claudin-7 and b1-integrin, highlights the previously underappreciated roles of TJ proteins in cell-matrix interactions. 63 Moreover, mucosal inflammation in claudin-7 KO mice appears to be a product of epithelial cell instability and not necessarily the result of barrier deregulation, given that no apparent gut leakiness was documented at early time points in these mice. 63 Considering its essential role in maintaining the differentiated colonic epithelium, claudin-7 expression is highly suppressed in transformed colonic epithelium and cancer tissues. 71 Following similar trends, the active roles of both JAM-A and claudin-2 are implicated in regulating epithelial cell proliferation and mobility. 15, 18, 48 The colon in claudin-2 TG mice is significantly longer than that of their littermates and their colonic epithelial proliferation is also upregulated. 15 EGFR and Wnt signaling, two key regulators of colonic epithelial homeostasis (and tumorigenesis), stimulate colonic claudin-2 expression. 48, 72 We further found that in colonic epithelial cells subjected to colitis causing chemical (DSS treatment), claudin-2 expression is sharply downregulated and that constitutive claudin-2 expression in these cells protected them from DSS-induced cell death. 15 Of note, EGFR activation also protects from DSS-colitis. [73] [74] [75] [76] Taken together, an acceptable hypothesis appears to be that increased claudin-2 expression in inflamed mucosa of IBD patients may help promote epithelial injury and repair. Such a postulation has strong support based on the outcome from claudin-2 TG mice, which are resistant to colitis. 15 However, a key function of the claudin-2 protein is also to serve as a paracellular transporter for Na þ and Ca 2 þ ions, which may compete to pass through the claudin-2 pores. 51, 77 The role of these ions in the regulation of the normal intestinal physiology and pathobiology including mucosal inflammation is well recognized. 78, 79 One of the ways EGFR activation protects from experimental colitis in mice is by restituting Na þ homeostasis. 79 Thus, it will be interesting to examine the dynamic regulation of ion transport during inflammatory events, and whether there is a causal contribution of claudin-2 in such regulation. These examinations would require fine-tuned electrophysiological studies and precise analysis. Nevertheless, the contributory role of the TJ protein in mucosal barrier properties and pathobiology remains undeniable, but discerning their separate roles in barrier deregulation and epithelial morphogenesis appears to be a truly difficult task, at least given current technologies and model systems.
EPITHELIAL INTEGRITY, BARRIER DYSFUNCTION, AND IMMUNE CYTOKINES: A TWO-WAY COMMUNICATION
Increased mucosal permeability not only includes increased paracellular flux across the TJ but also through the spaces created by intestinal epithelial cell damage and death. Thus, we must discuss the potential regulation of epithelial integrity and barrier function under conditions of immune activation and inflammation. Inflammatory cytokines regulate TJ protein expression and function, as well as overall mucosal barrier properties. The most studied cytokine known to cause barrier dysfunction is TNF-a. TNF-a treatment, as determined by freeze-fracture electron microscopy studies, decreases TJ strand number and complexity in HT29/B6 cells, while increasing the frequency of strand breaks. 80 Among TJ proteins, TNF-a modulates the expression of many members where it upregulates claudin-2 expression, inhibits occludin promoter activity, and causes redistribution of ZO-1 and claudin-1.
81-83
Anti-TNF-a therapy restores gut barrier function in CD. However, TNF-a also helps regulate intestinal epithelial cell death and injury or repair. 84 Additionally, interleukin-17 (IL-17) regulates claudin-1 and claudin-2 expression in T84 cells in MEK/ERK1/2-dependent manner. 85 IL-15 can also regulate TJ formation in intestinal epithelial cells. However, IL-15-mediated upregulation of ZO-1 and ZO-2 expression was independent of the IL-2Rb subunit, whereas phosphorylation of occludin and enhanced membrane association of claudin-1 and claudin-2 by IL-15 required the presence of the IL-2Rb subunit. 86, 87 Similarly, IL-6 modulation of the claudin-2 gene induces intestinal epithelial TJ permeability through the JNK pathway. 88 Similarly, IL-13 the T-helper type 2 cytokine and key effector of ulcerative colitis also affects intestinal epithelial cell TJ function as well as apoptosis, 89 and was recently shown to regulate claudin-2 transcription in a signal transducers and activators of transcription-dependent manner. 90 Overall, IBD represents a conglomerate of complex changes in mucosal cytokine/chemokine production. The net effect of these changes on mucosal barrier properties and disease outcome can thus be expected to be the net balance of their pro-and antiinflammatory effects. 91 Furthermore, growth factor signaling, which helps regulate colonic epithelial cell injury and repair, also regulates the expression of TJ protein expression in intestinal epithelial cells. 92 Thus, it appears that dynamic crosstalk between epithelial and immune cell homeostasis maintains normal gut functioning, and that disruption of any of these factors seems capable of inducing conditions favoring an inflammatory environment. However, outcomes may also depend on genetic predisposition to inflammation. Nevertheless, these discussions in no way include the multifactorial nature of the disease processes encompassing IBD, and intentionally have not included potential implications of genetic predispositions, spontaneous immune deregulations, proteases, and microbiota, which are discussed in great detail in other great review articles.
CONCLUSION
The mechanisms regulating intestinal epithelial and immune homeostasis are intricate and interdependent. Still, the etiology of IBD is complex and not yet fully understood: ongoing research will broaden the horizon of knowledge regarding the mechanisms underlying the pathobiology of chronic intestinal inflammation. It is hoped that the central role of the intestinal epithelium in this regulation will become more evident. The emerging data from mice manipulated for TJ-integral or associated proteins support the critical yet complex roles of these proteins in the regulation of intestinal epithelial homeostasis and mucosal permeability. It appears that the effects of gut permeability on immune activation and intestinal inflammation may vary, depending on the extent of mucosal barrier deregulation, and the context in which this occurs. Nonetheless, the aforementioned animal models, although extremely useful in investigating specific molecular mechanisms in the pathogenesis of ulcerative colitis, do not truly recapitulate disease as observed in patients, as IBD is a multifactorial disease and most clearly is not caused by a single mutation or defect in cellular or molecular pathways. Thus, going forward, it will be important to focus on dynamic changes observed in those proteins associated with mucosal barrier properties, rather than simply documenting terminal modifications as they are expressed in chronically inflamed mucosa. We will base our conclusions on this understanding about these proteins and their potential role in barrier deregulation and/or repair and regeneration properties. Our conclusions will both relate to and can have profound implications for disease prognosis. These findings may also provide an opportunity for novel and targeted therapeutic uses, although more studies are needed in this direction to clarify cause and effect associations.
